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13 ABSTRACT v T T : T

j naturally turbulent, two-dimensional boundary layer .undergoing

- separation has bgen compléted at the Naval Ordnanceé Laboratory (NOLY...
Forward facing steps (with attached end plates) were used to induce
‘boundary-layer separation for the particular case where the step
heights, h, were léss than the boundary-layer thickness, ¢: The

tests were conducted. at a free-stream Mach number of 4.9 with a range
of unit Reynolds numbers varying from 0.8 x 100 per foot to

4.0 x 106 per foot. The pressure distributions measured in the ’
separatad region ahead of the steps were found to be functions of both ¢
Rgé and h/é8 for the turbulent boundary-layer separation case where

4
4

i An experimental investigation involving a thick, adiabatic, ‘ i;
|
:

N A, e,

~h < §. Since the induced side forces are determined from these
same pressure distributions, these forces are also functions of
Re6 end h/§. The major result .of this study is the definition

of "a universal pressure distribution valid for two-dimensional
steps.
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A FORWARD FACING STEP STULY: .
THE STEP HEIGHT LESS THAN THE BOUNDARY-LAYER THICKNESS

Prepared by:
‘Richard T. Driftmyer

ABSTRACT: An exnerlmental investiyation involving a thick, adiabatic,
naturally tu:bulent, two—dlmcnSLOnal boundary layer undergoing
separation has beeh completed at the Naval Ordnance Laboratory (NOL).
Forward facing steps (with attached end plates) were used to induce

boundary Jayer saparatlon for the particular case where the step

heights, h, Jgré less than the boundary-layer thickness, 6. The
tests were conducted at a free-stream Mach humber of 4.9 with a

range -of unit Reynolds numbers varying. from Q. 4 x 10° per foot to

4.0 x 10° per foot. The pressure distributions measured in thé

separated reégion ahead of the steéps were found to ke functions of both
Reg, and h/§ for the turbulent baundary layer separation case where

h < §. Since the induced side forces are determined from these
same pressure distributions, these forces are also functions rof Ré5

and h/§. The major reésult of this study is the definition of a
universal pressure distribution valid for two-dimensional steps.

NAVAIL ORDNANCE LABORATORY
WHITE OAK, MARYLAND
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A FCRWARD FPLING STEP STUDY: THE STEP HEIGHT LESS THAN. THE
BOUNDARY-LAYER TdICKNESS

‘This report déscribe$ the results of a two-dimensional, thick,
turbulent boundatfy-layer separation study coriducted =zt the Naval
Ordnancé Laboratory. The purpose of this lnvestlgatlon was to
' obtain: pressure distribution data in the separation region ahead
f of the forward facing step (used to separate the boundary layer)
2
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for the case where the step height was less than. the boundary-layer
thlckness. This study was performed‘fo the Naval Aixr Systems
Command. under Task Number A320 320C/004B/WF32-322-202.

ROBERT WILLIAMSON II
Captain, USN
Commander
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INTRODUCTION

This report describes the experimental results of a thick, two-
dimensional turbulent boundary-layer separation study conducted at
the Naval Ordnance Laboratory (NOL) . The separation was
indiced by a forward facing step. The purpose of this 1nvest1gatlon
was to obtain pressure distribution data in the sepcratlon region
ahéad of the step for tlie case where the step helgku was less than
the boundary—laver thickness. This information is. technlcally
important to those studying boundary-layer separatlon and has- a
variety of possible applications which include supeérsonic flight
controls. ‘Numerous investigators (Refs. (1), (2), (3) and (4))
have studied separation phenomena. dhead of forward fa01ng stepg
for the turbulent boundary-layer case. Of these, the work of
Zukoski (Ref. (1)) is particularily good since it is both a
review and an analysis of numerous two-dimensional experimental

works. As a result .of these reported works, simple correlations
have been determined for the upstream pressure distributions and
for the - .e-force calculations of the forward facing step model
limited to the case for h/§ > 1.5.

In a recent jet interaction control s.udy at NOL, (Ref. (5)),
the similarity of the upstream pressure distributions for both
the step and interacting jet separation regions was demonstrated.
This similarity established the fact that jet and step separation
phenomena are analogous. The study of Reference (5) was limited
to the case where the boundary layers were thin relative tc the
height of the particular obstruction which inducesthe boundary -
layer separation. Hence, the thick boundary-layer case (h < §)
remained to be investigated and is the subject of this report.

SYMBOLS

see Equation (4), inch

side force, lbf/inch

any dimensional flow~field property

any dimensionless flow-field parameter

step height, inch

Mach number

exponent of the turbulent boundary-layer profile

U3 R D o 9T

pressure, psia

)
[

first plateau pressure, psia
gas constant, ft-1b£f/lbm °R
Reynclds number based upon boundary-~layer thickness

=3 o™
®
o

temperature, °R

=<

distance, measured along the flat plate surface, inch
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SYMBOT.3 {Continued)

XP  proje¢ted shock distancé, sée sketch Page 8., inch

XS separation distance, see sketcéh Page 8, inch

AXS initial steep pressure rise distance, see sketc¢h Page 8,
inch ‘

o see Figure 144~

B sée Figure 14a

y specific heat ratio

8 boundaty-layer thickness, inch

u dynamic Viécosiﬁk,jslug/ft sec

p density;'lum/fti

Subscripts

o remote free stream
o stagnation ‘
oil oil flow study

EXPERIMENTAL APPARATUS

The experimental tests were performed in the NOL Boundary
Layer Channel (Ref. (6)}. A schematic of the Boundary Layer Channel
is presented in Figure 1. The flexible nozzle plate is directly
opposed to a flat test plate along which thick boundary layers are
generated for testing. The flat test plate is 106 inches long
and 14 inches wide. Tae wind=tunnel nozzle side walls are
hinged to the flat test plate and serve as access doors to the
test section. In the closed position, the doors are sealed by
pressing against sealing gaskets located in the edges of the flat
and flexible plates. Glass viewing ports were located in the doors
thereby permitting one to view thz flow field.

The flexibkle nozzle plate is held in position hy 13 screw
jacks. The particular contour selected for the flexible plate
determines the pressure gracdient: along the length of the wind-
tunnel nozzle. These gradients, of course, directly influence :he
test boundary layer generated along the flat plate. For this
experimental study, a constaat pressure gradient conuour equal to
zero was specified for the test section. This contour was
computed using the method of characteristics whiclhi included
correcticns for the boundary~-layer displacement thickness.

Figure 2a presents the experimental Mach numbers obtained in the
test rhombus for the vassiouvs wind-tunnel supply rressures while
Figure 2b presents the houndary-layer thickness Iistribution along
the plate. The Mach number fluctuations in Figure 2a ranged from
2.5 percent to 0.5 percent as the supply pressurce waried fror 1 to 5
atmospheres. The overall change of the Mach number in iih.s

2
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pressure range was about 4.8 percent. This overall Mach number
change was attributed to changes in the boundary-layer displacement
thickness. The local fluctuations in Mach numbers were attributed
to measurement errors with the masimum errors occurring at the
lowest stagnation pressures.

Figure 3 is an oblique v.iew of the step model and the
installed glaqv-portea end plates. These end plates (details
are given in Fig. 4) were mounted eight inches apart, symmetrically
about the centerplane of the half nozzle at zero angle of attack:
The forward most tips of the two end plates were located at
the 76.0-inch station (measwured from the sonic throat station of
the wind-tunnel nozzle). This fistance aligned the various
ylass windows properly for viewing. The metal retaining
ring which held the door's glass window in place, bilocked the
flow~field view for the first 0.25 inch off the test plate
surface ag seen in Figure 4.

A simple, Z configuration, spark shadowgraph system was
used to record all photographic data.

The primary oxperlmental data were the upstream pressure
distributions. Figure % shows the physical arrangement of the
static pressure taps. The numbers shown on the right-hand side
of the taps are the hole identification numbers; those on the
left~hand side 're the hole distances measured from the step
mounting plar-. Thz two test locationc of the step face were
located 0.37F < 2 0.6875 inches ahead of this step mounting plane.
A total of :-iven steps were tested. The installation detail
and a listing of the step heights tested are given in Figure 6.
To obviaie any possibility that the high-pressure gas found in
the forward separation bubble could leak out, black plastic
tape was used to geal all interior cracks and corners. These
seals are visinle in the photograph of Figure 3.

To measure the static pressure distributions, eight strain-
gage pressure transducers were directly connected to eight
scanner valves. These scanner valves were switched sequentially
through 12 valve positions according to the pressure tap array
of Table 1. Note that the valve position 1 was reserved for
calibration purposes. This array identifies the various pressure
tap locations (Fig. 5) with the corresponding scanner valve and
sequence position., Tap numbers 65 through 78 were not used
for this step study. The electrical swicching equipment was
designed to permit only forward sequential switching of the
scanner valves. The switch position was sensed and recorded along
with each sample of pressure datc thus eliminating error with regard
¢ the static pressure tap matrix. 3Steady tunnel conditions
were maintained over the two-to-four-minute time period required
to measure all static pressures. Instantaneouvs wind-tunnel
conditions were used for all data reduction.
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TABLE 1
STATIC PRESSURE TAP IDENTIFICATION ARRAY

SCANNER VALVE SEQUENCE POSITION

1 2 3 4 5 6 1 8 9 10 11 12

\

o 1 65 67 69 71 i3 15 77

53]

8o 2 |& 66 68 70 72 74 76 78

<8 3 |8 S 15 21 25 29 33 37 41 43
= =~

5;2 8 |, 11 14 23 27 31 35 39 43 47
1 g" 5 |93 13 19 12 28 44 51 55 59 63
-] = H

BB 6 ggl; 18 30 42 16 32 48 52 56 60 64
§§§ 7 |HS 1o 22 34 46 20 36 49 53 57 6l
RE2 8 15 14 26 38 8 24 40 50 54 62

)
The transducer signals were recorded using NOL's updated
"Portable Automatic Data Recording Eguipment," (PADRE), an earlier
version of which is described in Reference (7). This recordinc
unit, shown in Figure 7, provides a visual display of the data
output. These data are recorded on IBM cards which are then used
in an IBM 7090 computer for the final data reduction.

The final piece of equipment used in this study was the
boundary-layer probe (See Appendix B for further information and
reference works). This boundary-layer survey mechanism was
externally attached to the flat test plate of the wind-tunnel
nozzle (shown in Fig. 7) at each of two available probing ports.
These probing ports were located on the wind-tunnel nozzle's
centerplane, 48.0 and 60.0 inches downstream of the wind-tunnel
throat. The houndary-layer description as determined from the
probe measurements is presented in Appendix B.

DIMENSIONAL ANALYSIS

The test program was organized using the technique of
dimensional analysis. Figure 8 is a schematic rerresentation of
the wind-tunnel nozzle-step geometry. “or this anralysis it is
assumed that no heat-transfer or chemical reactions take place.
Consideration of the associated wind-tunnel variables and the
simple two-dimensional flat plate~step geometry results in the
following general dimensional relaticnship for any flow-field
property, d.

g =g [ar P, p; Ry Y: Ur 6§, h] {1)

,
)
m»mmwm‘f‘ ,
s Y L aTr % e *
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b

An analysis of the variables and primary dimensions in Equation (1)
above reveals that a nondimensanai parameter, G, may be determined
which will be a functidn of &t least four dimensionless numpers.
This can be written as -

K

G =G [Re : M, v, h/681 (2)

Since both v = 1.4 and M = 4.9 were constants for thlS test,
Equation (2) above reduces to

G =G [~Re6, h/681 (3)

Equation (3) expresses the fact that 1y -dimensicnless flow-field
property, G, (&s for instance the upscream pressure signature
“f the ssparated flow region) is to be investigated as a function
of the flow geometry. h/§, and the Reynolds number based upon the
boundary-layer thickness, Re6 As seen in Equation (3), the

simnificant length to be associated with the fluid was the
bo_ndary-layer thickness, §, measured at the point where the
boundary~layer separates from the flat plate. Normally, one
may also choose as fluid lengths either the flat plate distance
measured from a leading edge or the distance measured from the
end of transition (turbulent case). However, for this test,
the first length did not exist (by wind~tunnel design), and

the second length was unknown. Even if the precise location of
the end of transition had been knowrn, though, the significance
of the distance measured from this point would be unclear as
transition certainly occurred within the accelerating flow region
of the wind-tunnel nozzle and not in the test rhombus.

EXPERIMENTAL PROGRAM AND PROCEDURE

The experimental test program outline is given in Table 2.
This outline follows the functional expression given by Equation (3).
-3

TABLE 2
PRESSURE TEST PROGRAM¥

Tunnel Re/L x
Supply -6 4 -
Pressure 10 “(1,ft) STEP HEIGHT (INCHES)
(Atm) 1.502 1.400 1.205 0.903 0.603 0.247
5 4.0 X X X X X X
4 3.2 - X - - - -
3 204 - x had - - -
2 1.6 - X - - - -
1 0.8 X X X X X -
*An 61l flow séEaratlon stndy was conducted at Re/L = 4.0 x 10° per

fgot. Included in this study was a 0.130-inch high step not listed
above.
5
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The Boundary Layer Channel contour was checked prior to
testing by experimentally measuring the pressiire gradient throughout
the test rhombus. 8Several preliminary pressure surveys and contour
adjustments were necessary to produce satisfactory results.
Subsejuently, the glass—-ported end plates were installed and the
final pressure gradients were measured using the surface static
pressure taps located between the glass end plates. The results
of this survey are presented in Figure 9.

‘The preccedure followed to record the pressure gradient data
was .identical with that followed later to record the pressure
distributions ahead of the step. Quite simply, this procedr-e
required a sequential shifting of the scanner valves, a pauew
to observe steadiness of the pressure transducer outputs, and
a recording operation. One can identify the time segquence
followed for taking data and also identify the particular pressure
tap~transducer combination used by comparison of Table 1 with
Figure 5. -

Two pressure distributions were recorded for each step, one
distribution for each of the two available step mounting positions
(see Fig. 6). This provided offset pressure distributions for
comparison purposes and assured repeatibility since separate
wind-tunnel startups were involved. Figure 10 shows a typical
example of cffset pressure distributions. Excellent repeatibility
was obtained for all cases. Hence, only one distribution is
presentoed in this report.

EXPERIMENTAL RESULTS

The significant experimental test parameters determined by
dimensional analysis were Rea and h/§. However, the more

practical dimensional parameters, Re/L and h, were used experimentally
as the independent test variables. WNo problem was cyeated with

this simplification since ¢§ varied only fractionally over the

range of Reynolds numbers covered in this experiment, (Fig. 2b).
Hence, variations in Reg follow almost directly the experimental

variations in Re/L and similarly so for h/§ and h.

UPSTREAM PRESSURE DISTRIBUTION

Figure 1l presents three sets of pressure distwibutions.
The data shown in Figures lla and llb were taken a% keynolds
numbers of 4.0 x 10¢ per foot and 6.8 x 10° per foci, respectively,
over the test range of step heights. In contrast, Figure llc
presents data taken at the constant step height of 1.400 Inches
over the experimental range of Reyrolds numbers (Table 1). as
indicated by the data, the step height influences both the extent
of separation and the value of the maximum pressure at the first
pressure plateau, whereas the Reynolds number per foot is observed
to influpence the pressure profile in the upstream region aear the
beginning of the pressure rise.
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The small amount of scatter observed in the data in Figure 1lb

may be attributed to the very low values cf statis pressures which

gexisted in the flow field for those test conditions. Pressures as
low as 0.03 psia were measured using 0-5.0 psia full-scale pressure
transducers calibrated over a zeduced pressure range of 0-1.0 psia.
Thus, the pressures of 0.03 ps..a were measured near the practlcal
lower limit of the pressure transducer and some fluctuations were
1nev1table.
OIL FLOW RESULTS

Figure 12 presents all of the oil flow protographic data
obtained. Silicon oil (300 centlstokes),,w1th white Titanium
oxide powder in suspension, was painted in vertical strips on the
flat test plate of the Boundary Layer Channel (the wind-tunnel
nozzle is oriented vertically). After operating the wind tunnel
for a few minutes the oil flow pattern was developed. When the
wind tunnel was shut down, the accumalation of oil located at the
separation line flowed (under the influence of gravity) downward
on the flat test plate. This explains the rather-wide separation
lines seen in Figure 12. Separation distance was measured from the
step face to the topmost edge of this line. One rather interesting
finding of this o0il flow study was the result of Figure 13. By
making all measured oil flow points coincident, it appears that
a single pressure signature exists with local, individual
deviations occurring only near the region where the reattachment
pressure rise exists. Note, however, that the plateau pressures
are also different for each step. In all cases, oil flow
separation was located at the point in the pressure distribution
where P/P_ = 1.2. This compares favorably with the recently
reported Tesults of P/P_ = 1.2 to 1.25 (Ref. (8)).

SELECTION AND CORRELATIONS OF THE SCALING LENGTHS

In Reference (5) pressure distributions ahead of steps and
jets for h/§ > 1.5 were obtained by plotting (P-P_)/(P1l-P_) versus

X/XS. In these correlations the plateau pressure rise, (Pl-P_ ), and

the known separation distance, XS, were used as the normalizing
parameters. Becausg of this previous success identical parameters
were selected for correlating the pressure data of the thick
boundary-layer case. Tne plateau pressure rise data were taken
from the pressure distributions of Figure 11 and the separation
distances were available from the previously mentioned oil flow
study. However, the use of these normalizing parameters did not
produce a universal pressure profile. Father, the diverging nature
of the plotted results indicated that the fault was related to

the measured oil flow separation distauce. Since this distance
did not scale the pressure distributions, a separation criterion
established by 2ukoski (Ref. (1)) was selected for use hopefully
to obtain a scaling length which would correlate the data.
According to this criterion, the separation pressure rise is 73
percent of the plateau pressure rise, Application of this ruie *o
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the upstream pressure distributions of Figure 11 determined a-
complete set of separation distances {in reality a set of scaling
distances since the -exacdt location &f separation by any meéans ether
than the oil is unknown). T ‘ )

Subsequent plots using these data established a universal
curve over the range o < X/XS g 1.0; howevar, when extended t6
values of X > XS, the pressure profiie again diverged into a
family of curves. Hence, a change in relevant scale length is
implied as |X| exceeds [XS|. The pressure distributions of
Figure 11 were available from which an appropriate distance,
significant to the initial steep pressuré rise region, could be

defined and nmeasured. This distance was designated as the "initial

steep pressure rise distance" .A¥S.

The following sketch presents the simple graphical method used
to obtain AXS. . »
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The use of AXS as a scaling length completed the universal
pressure distribution. For convenience, in the presentation of
the universal pressure distribution curve of Figure 14, the
separation point determined by Zukoski's criterion (Ref. (1)) 'as
established as the point X = 0, permitting both sets of normalized
distances to vary from 0 to 1.0. The experimental results of this

] correlation are presented in Flgures l4a, 14b, and l4c. These

- three distributions appear to be of the same parent. population

and are adequately represented by the curve in Figure 144, the
Composite Universal Pressure Distribution.

-
R

AF ey aze

The existence of a universal pressure profile implies that the
functional dependence of the pressure distributions with Re/L and

h/8 (see Fig. 11) is incorporated in the scale parameters AXS and
XS.

To investigate this functional dependence, the projected shock
distance, XP (see previous sketch), was introduced.

As seen, XP is determined by the straight line extension of
the separation shock from the inviscid flow region to the flat test
plate,

ISR T S S i o T T NS AT,

This distance, XP, was first compared with the sum (AXS + XS),
for it was believed that the difference between these two-
dimensional quantities, defined as

D = XP - (AXS + XS) (4)

would be such that

2 ARG S e RO

R

D

H

D (ke/L, h, 6, n) (5)

where n is the exponent of the turbulent boundary-layer profile.
The plotted results, shown in Figure 15 imply that this difference,
D, is in fact independent of Re/L and h within the range of values
covered in this study. Further, since § changed only fractionally
throughout this experimental study and n was nearly constant (see
Appendix B), it is logical to assume that

D=D (8§, n) = constant = 1.0" (6)
is realistic.

Using XP as a normalixing distance, the ratios AXS/XP and
XS/XF may be broadly interpreted as the fraction of the shock
projection distance assigned to the initial steep pressure rise
process and the fraction of the shock projection distance assigned
to the separated region, respectively. For the case of the step,

v Figure 16 shows the functional dependence of these fractional
distances on h/§ for different values of Re/L. It is not unreasonable
to e:i.pect when one also considers the results of Werle, et al (Ref.
(5)) that as h/§ increases without limit, that is, either h becoming
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large or § becoming small, «r both, 4XS/XP approaches zerc. For
the same conditions, XS/XI' approaches unity. On the other hand,

as h/8 decreases XS/XP approaches zero. An example of this
behavior is seen in the pressure distribution of Figure lla for

h = 0.247 inch. The limiting hehavior of AXS/XP as h/§ approaches
zero i§ not known. It is seen experimentally that AXS/XP increases
as h/8 decreases.

The variation in the bluntness of the pressure distributions
in the free interaction region was observed previously in Figure 11.
Since the magnitude of AXS is related to this bluntness and the -
bluntness appears to vary with Re/L, one would expect, based upon
this variation, that AXS/XP decreases with increasing Re/L
(for:- constant h/8). In the same fashion XS/XP increases with
increasing Re/L (for constant h/8). These two facts are readily
verified in Figure 15. :

Figure 17 presents the geometric parameters AXS/h, XS/h
and XP/h as functions of Reynolds number per foot. A simple
interpretation of the last parameter, XP/h may be made. This
parameter establishes the shock standoff distance relative to the
step and may be interpreted as the cotangent of the turning angle
necessary to produce the oblique shock found in the inviscid
flow field. The proof of this last statement is presented in
Figure 18 where a comparison is made between the experimentally
measured plateau pressures and those computed using the turning
angle consistent with the experimental cotangent, XP/h. The data
comparison seems to support the interpretation given XP/h.

Returning to Figure 17, the opposite slopes exhibited by
AXS/h and XS/h are such that XP/h is observed to be nearly constant
for a given value of h--a result consistent with Equations (4)
and (6).

Zukoski (Ref. (1)) reports that the wedge appears to be a
reasonable model for the separation region when h > 1.56., For
this case, the cotangent of the wedge angle is 4.2 (and constant)
for fully developed turbulent boundary-layer flow. Note in
Figure 17, XP/h is approximately 6.8 for a step of height h =
0.603 inch (n/8 ~ 0.2%) and 6.3 for a step of height h = 1.502
inches (h/6 ~ 0.5%). Hence, the experimental trend of XP/h with
increasing h/8 does not appear ianconsistent with Zukoski's model .
for h > 1.56.

SIDE FORCE CALCULATION

The induced control force due to the flow separation may be
evaluated from the upstream pressure distributions as follows:

F = f (P-p ) dx (7)
X

10
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After normalizing, Equation (7) may bLe expanded into the following
form:

P1-P l_ [ P-P_ [ P-P_ ]
F o .
= A
PR PR l.“xs ] PP d(AXS\ XS -4 ( s\ /] (8)
1.0 - 1,0
which includes the two pressure integrals, ¢ and g, of Figure 1l44.

Introducing the shock standoff distance, XP, and substituting
for the pressure integrals, Equation (8) becomes:

P__ PP () (ms L xs (9)
P.h- () \h XP XP :

where the two integral expressions, o and B, have.constant values
of 0.400 and 0.969, respectively.

By a similar analysis based upon an inviscid, turning
flow wedge model (the separation regicn is replaced with a wedge),
the control force may be calculated as:

P1-P
F __ = XS
P h~ P h (10)

o« o<}

Using the following approximations of Zukoski (Ref. (1))

Pl-P M
S .
P T2 (11)
and
XS _ .
T 4.2 (12)

Equation (10) reduces to:

'P——H= 2.1 Moo (13)

oy

and is shown plotted in Figure 19 for h/§ > 1.5.

The control force results, obtained by integrating the
experimental pressure distributions, are also presented in Figure
19 as a function of h/§. Note that these experimental results,
F/P _h, increase with increasing Re/L and h/é and indicate that

1l
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for h/§ > 1.5, the dimensionless force approaches the results

of (13) above. For this approach to be *rue, however, Equation (9)
must reduce to Equation (10). Quite obviously, two conditions

must be satisfied: First, XP must approach XS as h/$ exceeds

1.5, and secondly, the ratio AXS/XP must approach zero as h/§
exceeds 1l.5. These two trends have already been demonstrated by

the data in Figure 16. As a result, the pressure coefficient

term, (AXS/XP & + X5/XP $), in Equation (9) also approaches 1.0

as h/8§ > 1.5. Figure 20 simply verifies this fact. Hence, Equation
(9) reduces to Equation (10) as h/§ > 1.5.

CONCLUSION T

The pressure distributions measured in the separated region
ahead of steps were found to be functions of both Re6 and h/6

for the turbulent boundary-layer separation case where h < 6.
Since the induced side forces are determined from these same
pressure distributions, these forces are zlso functions of Re6

and h/§. The major result of this study is the definition of a
universal pressure distribution valid for two-dimensional steps.

Three geometric lengths, AXS, XS, and XP were -defined. The
ratio, XP/h, was interpreted as the cotangent of the wedge angle
necessary to produce the plateau pressure, Pl. By definition,

XP locates the inviecid shock relative to the step face. Since
the wedge angle is known, the shock angle, itself, is satisfactorily
computed using the two-dimensional oblique shock relations.

The ratios AXS/XP and XS/XP are indicative of the fractional
distances necessary for the occurrence of the initial steep pressure
rise and for the extent of the separated region, respectively.

This last point should perhaps be further qualified. Zukoski's
separation criterion (Ref. (1) as used for this study locates a
point on the pressure signature which must be interpreted as a
scale change point, not necessarily a separation point as the title
of this criterion would suggest. The separation point per se

+8 not known.

The difference between XP and the sum, (AXS + X8), while a
constant for this study, is believed to be functionally dependent
upon the actual boundary-layer thickness, §, and the turbulent
boundary-layer profile exponent, n.
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NOTE: THE TWO-DIMENSIONAL WIND TUNNEL
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FIG, 1 THE TWO-DIMENSIONAL BOUNDARY LAYER CHANNEL'S ADJUSTABLE NOZZLE
SHOWING THE GLASS-PORTED SIDE PLATES INSTALLED
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Po., WIND TUNNEL STAGNATION PRESSURE (PSIA)

(a} THE TEST SECTION MACH NUMBER VARIATION AS A
FUNCTION OF THE WIND TUNNEL SUPPLY PRESSURE

ZERO PRESSURE GRADIENT W.T. NOZZLE

(5}

4 -
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Z ) | LTS ATM
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X INCHES (DISTANCE DOWN STREAM OF SONIC THROAT)

(b) THE BOUNDARY LAYER THICKNESS DISTRIBUTION ALONG
THE FLAT TEST PLATE

FIG. 2 MACH NUMbER AND BOUNDARY LAYER THICKINESS VARIATIONS YITH

WING TUNNEL SUPPLY PRESSURE
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FLAT PLATE MOUNTING INSERT

A SECTIONAL SIDE VIEW SHOWI}\IG THE DETAILS OF THE
STEP ATTACHED TO THE FLAT TEST PLATE

TEST STEP HEIGHTS h = 1.502, 1.400, 1,205, 0.903, 0.603,
0.247, AND 0,130 INCHES

FIG. 6 FORWARD FACING STEP MOUNTING DETAIL
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DIMENSIONLESS STEP HEIGHT

-3

o - o— &

e e Ay E = b B

%
H
i
4
ha
P
4
i
A
i
.
;
A
3
i
I
b4
%
a4
M
5

Phatcs v LR E L

forank

IR P ST )

A

PESSTINVEPIOICIRTSS

Ve aTia

P R

e




e wr v e e Aa T ety © Y WY CAEST S g e
e » S S i
G R A Ao oAt P 8 e S A A e N .
% N
' % NOLTR 73-98 -
E
10.0 _
[ l l | {
a h = 0.603 i
' 70/~ I - ﬁ!—ﬁ} — %
; | mgd — 1.502—E— Y
6.0 }— —
Z o
<
E 400 F_“. e
o 4
0 . 0.603
o A E/\\
Z
Z .
} L N 0.603_
§ a
{ 2.0 @ \ -
3 .
t ] A
i
{ 1.5 . ubs
¢ o 1.502 0
, y
Lol 11 | | | |
7.0 10° 4.0 X 10%

Re/L (1/FT)

FIG. 17 DIMENSIONLESS DISTANCES CORRELATED WITH UNIT

REYNOLDS NUMBER

D




NOLTR 73-98

P1/P,, (EXPERMMENTAL)

B )

T | l

2.3 2.4 2.5 2.6 2.7

P1/Pe (BASED UPON ARC CTN £E

Fio, 18 EXPERIMENTAL PLATEAU PRESSURES COMPARED WITH CALCULATEL VALUES
BASED UPON ARC CTN (XP/h)

~ 33




T s v S iR, T

LR

NOLTR 73-98

20.0 1 T T 1T T 17171
L [ReLx 107 — ZUKOSKI
(1/FT) ' \
4.0 ®
10.0[- -
b 0_8 o
- - o Q/,,e—'o' 7
1 -
 S— - ,—"’ (
P hS ® —'O/O j
6.0 o - _
- hn
3.0 L | L L1 1id
0.1 0.2 0.3 0.4 0.6 0.8 1.0 2.0

h/&

FIG. 19 THE DIMENSIONLESS FORCE, EVALUATED BY INTEGRATING THE PRESSURE
DISTRIBUTIONS, COMPARED WITH ZUKOSKI'S APPROXIMATION FOR h/6 21.5
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APPENDIX A-
FORWARD FACING STEP TEST DATA

This. appendlx lists the experimental test data for the forward
facing step test program. Photographs, taken during the tests,
may be identified with the corresponding data by means of the
run number.

The reader should be cautinned that visible oil streaks (in
addition to the obvious crack in the glass) appear in some of the
pictures cf., Runs 135 and 193. The source of this o0il was the
‘lass retaining ring located on the inside surface of the ported
end plates. No effect was observed on the flow field as a result
of this oil flow.

Starting with Ruh 193 and continuing through 196, a black
elliptical shaped spdt can be observed on the photographs. This
spot was caused by the condensation of high humidity wind-tunnel
room air on the outside of the wind-tunnel window. The picture
of Run 197, without the black spot, was taken after the
condensation was evaporated by surface blowing on the outside
of the wind-tunnel door window .

A T i
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TABLE A-1 EXPERIMENTAL DATA

RUN NUMBER
PARAMETER 106 107 134 135
h (inch) 1.502 1.502 1.205 1.205
M 4.902 4.675 4.903 4.732
P, (psia) 73.97 14.04 73.49 14.71
T, (°R) 592. 597. 594, 557.
Re/L x 10-6 4.00 0.826 3.96 0.846
(L/ft)

RUN NUMBER
PARAMETER 150 151 166 167
h (inch) 0.903 0.903 0.603 0.603
M 4.911 4.792 4.888 4.764
P, (psia) 74.04 15.19 72.65 14.47
T, (°R) “596. 589, 604. 598,
Re/L x 1076 3.96 0.871 3.83 0.819
(L/ft)

RUN NUMBER
PARAMETER 180 193 194 195
h (inch) 0.247 1.400 1.400 1.400
M 4.886 4.893 4.881 4.866
P0 (psia) 72.57 73.48 59,26 43.85
T, (°R) 591, 596. 594. 597.
Re/L x 10~6 3.97 3.96 3.22 2.38
(1/ft)

e e —
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RUN NUMBER
PARAMETER 196 197
h (inch) 1.400 1.400
M 4.834 4.73x
Po (psia) 28.40 13.85
T, (°R) 596. 602.
Re/L x 1076 (1/ft) 1.57 0.784
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RUN 180

FIG, A~5, H=0,247 INCHES

A-8
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APPENDIX B
THE BOUNDARY-IAYER DESCRIPTION

The description of the boundary layer ahead of the step is
given in this Appendix. The character of the boundary layer is
acdequately described by gLanhc and tables for the two test
Reynolds numbers of 4.0 x 106 and 0.8 x 10® per foot. The
boundary~layer data is the result of probe surveys taken at
two probing ports, located 48 and 60 inches downstream of the
sonic throat of the NOL Boundary Layer Channel (Ref. (B-1l)).

The probe tips were located three inches ahead of the port
locaticn. Therefore, threc inches must be subtracted from the
48- and 60-inch station values to determine the true p! -sical
location where the probe data apply. The leading static pressure
tap (Number 1 in Fig. 5 of the text) in the test section was
located at the 76.875~inch station. Measurements made "at the

two survey locations therefore represent the boundary-layer
conditions located 19.875,i.e., 76.875 less 60.0 plus 3.0, and
31.875 inches upstream of this leading static pressure top
position.

The reasons for presenting these data are two-fold. First,
the character of the boundary layer is identified, and, second,
numerical data are provided for those who might wish to study
this step separation problem by numerical methods.

The variables recorded at each probing port included Pitot
pressure, equilibrium temperature (Ref. (B-~2)) and distance.
The Boundary Layer Channel's stagnation pressure and temperature
were also recorded. Data reduction followed procedures similar
to those described in References (B-3), (B-4) and (B-5). Since
the step separation test was conducted in a zero-pressure
gradient boundary layer, Reference (B~3) also serves as a
valuable source.of additional background material.

B-1
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SYMBOLS
buindary-layer thickness, inch
boundary-layer displacement thickness, inch
shape factor, DELSTAR/THETA
Mach number
pressure, psia
unit Reynolds number per foot
Reynolds number based on momentum
density, LBM/FT3
temperature, °R
boundary-lay< < momentum ‘thickness, inch

boundary-layer energy thickness, inch

boundary-layer total enthalpy thickness. inch

velocity, £t/sec

distance normal to plate surface, inch

free stream
local
stagnation
static

wall




(B~1) Lee, R. E., Yanta, W. J., Leonas, A. C., and Carner, J. W.,
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(B-3)

(B-4)

(B-5)
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STATION 48

MFS 478  RE/L  4.21x 1064
< POFS 73.2 RETHETA 1.86x10

TOLFS 592 DELTA  1.47%

UFS 2410 DELSTAR 0,508

RHOFS .00468 THETA - 0.053

TSFS 108.1 THETAE . 0,098

PW 0.185 THETAH 0,013

W 520.5 H 9. 560

Y ‘R TSL

POINT  INCH ML PSL/PW  TOL/TOLFS  RHOLFS TSLFS UL/ULFS
1 040000 0.0000 1.0000 +8H00 "t 2065 4.L'2A AR
2 «0025 «2058 1.0000 WBR22 L2077 4,72:3 $ QO
2 «0035 02741 10000 WEElS 2 RCTS 4,776 e 1201
4 « 0045 03427 1.0600 08941 LUl 0 &, 7751 ¢ 15864
s £0065% ¢3720 1.0000 08921 (3 4,v:36 1715
& « 0065 04833 140000 E9C? 3% 44,6523 + 2205
7 .0065 «4R63 1.0000 8923 2132 4,6634 02221
4 0106 « 7035 140000 29058 W F208 4,5086 ¢3159
G Nl16 7920 140000 2117 02243 64,4317 03526
i w6136 «BRBS 1.0000 «9103 2312 64,3002 ¢ 3099
1 + 01568 1:0169 10000 9003 o012 4,12:9 6387
12 +N1A7 1.1663 10000 9192 2815 3,953 04905
33 0207 l1.2728 10000 9283 s 2852 3,838 5273
14 N267 l4419A 10000 9404 271 3,6442 #5750
i3 «0298 1,4975 10000 09377 20067 3,5411 05961
16 +0338 1.5710 1.0000 «9293 02919 2,4053 06132
17 +N3A9 1¢6436 10000 ¢9314 .3(""5 2.ot78 06223
. «N500 l1e7228 10000 9291 «J117 44103 6508
19 + 0570 1.7799 140000 9342 3178 J.1234 166589
20 «058) 1.7797 1.0000 09362 AT 3,130 6645
21 $0732 1.8498 1.0000 09377 3264 3,0456 06828
22 «0873 1.9123 140000 09329 03372 2.9477 06945
23 + 1005 1,9709 10000 09294 e 3474 2,396812 07052
24 1207 240631 10000 9328 03607 2.7862 07245
25 01449 241570 10000 «9377 +3741 2,8%71 - o 7637
26 21692 2,2494 1.0000 09452 .30848 2.,5699 «70627
27 +2005 2.3678 1.0000 «9500 4058 2.,4497 o 7639
2 .2328 2.4540 100000 09497 4294 2,315 8026
29 + 2550 2.5760 140000 09502 204451 2,2326 06143
30 2742 2,644 190000 09529 .5574 2,1735 o £245
31 03267 2.8271 1.0000 »9608 «4915 2,0227 RS54
32 <359 2.9395 1.0000 09665 5129 1,9380 o 1655
.33 4008 3,0748 10000 09721 5403 1.8398 o 2
34 +4399 3.1896 1.0000 «9750 «5650 1.7593 o
35 069148 3.3428 1.,0000 9792 06003 1.4560 + 9099
36 «5508 3.5019 10000 9772 e 6421 1.6+03 9217
37 b2 3.6727 140000 +9833 .6834 1.4546 S
k}: 306 3,R8027 140000 29873 7164 1,3877 b,
s «7369 3.9123 140000 «9896 7453 1,3329 e SERY
40 +R285 4,0682 140000 «9920 . 7595 1,2591 IS
41 +6333 4,2088 140000 09928 .8315 1.1958 Lo
42 1.0387 443197 1.0000 09932 .B5:8 10382 S
43 1.16C5 4e824) 1.0000 09949 «B8977 1.1074 U
4 1.2872 445244 1.0009 099066 9207 1.6702 L
45 1.3818 4.5A85 1.0018 09981 , 9504 1.0478 S
46 164763 4,6424 1.0028 09994 9540 1.0297 .
47 1.5619 446720 140036 09997 .9788 1.0192 R
44 1,6735 446960 140049 09997 .9882 1.0l108 DN

Best Available Copy
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POINT

4S
S0
51
52
53
54
1
5¢
57
58
5¢
60
61
62
63
64
65
66
67
68
69
70
71
72

Y
INCH

1,7681
1.8778
1,9844
2.0810
241755
242349
243476
2.4371
2.5226
2.6222
207067
2.7842
2.8778
2.9824
3.0770
3.1645
3.2701
343456
344381
3.5317
346564
3.7570
3.8908
440055

ML

4,7278
447424
4,7472
447466
407421
447415
447373
447373
447351
47307
4,7261
4.7193
4,7125
4,6948
4,6791)
4.6726
446685
446664
446601
46519
446434
44,6306
446223
466137

NOLTR 73-98
PSL/PW TOL/TOLFS
1.0060 1,0000
1.0073 «9986
1.0085 + 9996
1.0092 29998
140148 1.0006
1.0155 1.0013
10205 15,0006
10205 1,0002
140233 1,0016
10289 1.0020
10346 1.,0023
10431 l1.0022
1.0517 1,0024
140746 1,0035
140954 1.,0033
Jel041) 1,0032
161094 1,0027
11123 1,0036
1.1210 1,0040
1.1322 150035
141440 1,0041
141622 140049
141741 1.0044
141865 1,0052

-

TSL

RHOL

RHOLFS TSLFS
1,0000 1.0000
1,0077 .9936
1.0097 .9929
1,0100 .9933
1,013} .9957
1,0129 29966
1,0172 49973
1.0176 .9969
1,0182 .9990
1,0218 1.0010
1,0255 1.,0029
1,0316 1.003)
1,0375 1,0077
1,0524 1,0150
1,0672 1.0204
1,0733 1.0226
1,0775 1.0235
1,0785 1.0252
1.0841 1.0279
1,0923 1,0303
1,0998 1.,0340
1.1114 1.0395
1,1202 1.,0419
1.1277 1,0459

UL/ULFS

1.0000
29999
1.0905
1,0006
10009
1.0012
1.0007
1.0005
1,0011
1.,0011
1.0011
‘140008
1.0006
160005
«9997
«S994
49990
29594
¢5593
+5988
+9987
.9986
.9980
+9980
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G.1000

FIG. B-3 (U) DIMENSIOMLESS TEMPERATURE~DIMENSIONLESS VELOCITY DISTRIBUTION:
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Y/DELTA

FIG. B-4 (U) DIMENSIONLESS VELOCITOY-DISTANCE DISTRIBUTION:
PO = 73.2 PSIA; TO = 592 “R; STATION = 48 INCHES (U)
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STATION 48 ) 6
MFS 4.662 RE/L 0.88x 10
POFS 14,97 RETHETA 0.54x10
TOLFS 588 DELTA 1.913
UFS 2396 DELSTAR 0. 708
RHOFS .00100 THETA 0,074
1SFS 109.9 THETAE 0.136
PW 0. 040 THETAH -0,018
W 5241 H 9.600
Y . RHOL TSL
POINT INCH ML PSL/PW TOL/TOLFS RHOLFS TSLFS UL/ULF5
i 6.0000 0.0000 140000 «8918. «2067 4,7672 0406000
-2 » 0025 <0813 140000 «8937 2065 4,7715 20381
3 .0025 . 0827 140000 .8937 +2065 4,7713 -0288
4 #0035 s1101 140000 «8946 +2065 4.7709 -«0516
5 +0045 01440 140000 «8951 2068 44,7851 W 0676
6 » 0055 21637 10000 289535 .2068 4,7€4) 20766
? 00076 02022 1.0000 «8967 2072 4,7549 00946
8 «0106 «2578 10009 «899] .2078 45,7432 «1205
S +0136 «3295 10000 +9018 .2088 4,7185 01535
19 00166 03929 140000 09046 £2191 4,6912 +1826
11 00227 «5123 10000 #9096 .2133 4,6201 02362
12 « 0257 6158 10000 «9155 #2146 4,5491 22818
12 <0308 o 7347 1,0000 491890 .2225 44,4293 «3317
14 +0348 «8338 10000 09233 {2274 4,3332 $3723
15 »0399 29471 1.0000 «9266 22346 4.,2002 24164
16 <0439 1.0271 1.0000 «9310 ,2398 4,1098 Yy
17 +0490 1l.1082 140000 29372 .2450 4,0223 24768
18 0 0621 1.3274 160000 «9522 .2618 3,7628 +5525
19 «0783 144995 140000 19562 +2795 3.5262 06040
20 00924 1.6182 140000 49555 2937 23,3557 +6359
21 01126 147473 140000 09582 »3098 32.1804 +6685
2z +1399 1.8808 100000 +9556 «3294 2.9917 ¢6979
23 ¢ 16641 1:9676 140000 09544 3427 2.8757 +7158
24 «1985 240873 140000 29533 .3618 2.7234 * « 7389
25 02449 202229 150000 «9511 ,3854 2,5577 2 7626
26 £2783 243275 10000 09517 4035 .42 «7803
27 «3116 244226 16000 09507 .4215 2,338 07947
28 e 3641 245637 140000 +953} 4476 ?,2013 +8160
29 +4035 246636 140000 «9557 5666 2.1120 08304
39 + 4459 2.7N7 140000 »95885 ,4878 2,0202 »8451
3 4944 2,8879 150000 +9618 5113 1.9272 .8601
32 »5759 3,0328 140000 29659 5419 1,8185 8773
33 6896 3.2270 140000 9720 5846 16856 .8988
34 « 7619 3,3400 100000 W 9757 6104 1e614z W9104
35 +8356 3,4534 140000 <9802 .6366 1.5479 09217
36 09040 3,5630 140000 «9820 L6643 §,4834 «9309
37 140009 346954 140000 298485 .6986 14108 +S415
38 140696 3.8191 10000 . 9859 .1324 1,3455 09507
33 1,1484 3.9410 140000 «9892 » 7652 1.2878 09564
40 1,2218 440459 140002 29907 L7954 1.2391 © 29662
41 1.2218 440539 140002 «9908 7977 1,2355 09667
42 1.3115 4¢1686 10008 ¢9919 .8324 1,1848 + 9734
43 104021 442695 140015 ¢ 9940 ,8628 1,438 <9796
44 1.4945 443517 16,0022 9949 ,8890 1,1109 . 9840
45 146077 404369 140031 29968 .9169 1.0793 <9888 '
Qg 1.7182 445028 160046 09973 .9386 1.6547 L9920 :
4 1.5133 445447 1.0058 «9973 .9539 1.0390 . 9938

48 1.9129 445825 100072 29984 <9669 1.0265 9960

B-11 ’
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POINT
43
50
51
52
53
54

Y
INCH

2.0156
241081
2.1636
2.3456
244281
245297
2.6333
2.7188
28063
2+9160
3.0116
3,1071
3.1977
3.2872
3,3878
3 .478(0
3.5840
3.6564
347429
3,8385
3.9301
440166

e TR A D TR

ML
4.,6116
4,6325
446454
446615
4,6685
446857
4.6805
4.6803
4.6754
4.6712
446662
4,6587
446509
4,6413
4.6336
44,6282
446194
446133
4,6034
44,5928
445844
445794

NOLTR 73-98

PSL/PW
1.0085
10098
1.0108
1.0148
140169
1,0196
1.0261
10265
10325
1,0379
100442
1,0537
1.0639
1,0765
1.0867
1.0938
1, L057
121340
141276
141425
1,1545
1.1616

TOL/TOLFS
«9983
«9987
«999¢

1,0000
«9989
1,0002°
1.0005
1,00012
1,0012
1,0015
1.0017
1,0022
l1,0022
1,0027
1,0026
1,0028
1,0031
1,0032
1,0036
140036
1,0042
1,0043

B-12
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RHOL TSL
RHOLFS TSLFS
9783 1.0159
.9863 1,0089
19914 1,0047
1,0000 1.0600
1.0058 .9964
1.0130 9518
1,0173 ,9539
1,0181 .9935
1,0211 .9964
1,0247 .9981
1,0289 1.0001
1,0351 1,0031
1,0422 1,0059
1,0505 1.0098
1,0577 1,0124
1,0627 1,0142
1,0703 1.0180
1,0760 1,0203
1,0849 1,0242
1,0951 1,0281
1,1027 1,0317
1,1074 140336

.

. .
.~ o o, oFbp it - P e
e I e e e

coonsedoliag B

UL/ULFS o
09371 3
29982
,9989
1.,0000
29997
1,0011
1.0010
1.0003
1,0012
140011
1,0011
1.0010
1.0007
10005
1.0002
«9999
«9999
29996
«9994%
+ 9990
9989
+9988
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FIG. B-8 (U) DIMENSIONLESS TEMPERAJURE-VELOC!TY DISTRIBUTION:
PC = 15,0 PSIA; TO = 588 “R; STATICN = 48 INCHES (U)
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« 71669
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2.0167
2.1624
2.,2598
?.3688
2.4626
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STATION 40
MFS 4,867 RE/L
POFS 72,6 RETHETA
TOLFS 592 DELTA
UFS 2423 DELSTAR
RHOFS .00418 THETA
TSFS 103,1 THETAE
PW 0.155 THETAH
W 524,7 H
ML PSL/PW TOL/TOLFS
0,0000 1.0000 8868
<0879 10000 L8885
.0933 1.0000 8896
1476 1.0000 8875
2211 4.0000- 8920
«2694 «0000 8948
3496 1.0000 .8921
4708 10000 8994
6500 10000 »9088
8204 10000 9106
+ 8336 1,0000 «912R
1.0110 10000 09247
1.1537 140000 9330
1634023 140000 29301
1.5054 1.0000 9345
1.5942 1.0000 9267
1.6610 10000 09260
147229 1.0000 9277
1.8337 10000 09305
1.9654 1.0000 9366
240992 10000 «9376
2.2267 1.0000 9415
2¢3951 1.0000 9489
2.5498 1.0000 9556
2.6R29 10000 +9614
2.8596 1.0000 29676
2.9629 10000 $ 9725
3.0654 10000 9757
3.1537 140000 .9788
3.2967 10000 9796
3.4064 140000 9786
3.5184 10000 «9811
346306 1.0000 9838
3.,8373 1,0000 9873
40342 10000 «9903
b4,2224 10000 <9934
443675 10020 09952
44,4864 140047 «9971
4.5630 10071 .9985
be6401 140097 9997
447022 1¢0122 1,0011
4,748R 1.0130 9998
4,7996 140130 9987
4,8355 1.0130 . 9993
46,8671 10146 1,0000
4,8810 1.0176 1,0000
4.,8776 140217 1,0003
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3.99x 10°
2.26x10
1.892
0.714
0, 068
0.125
-0,014
10,52
RHOL TSL
RHOLFS TSLFS
.1937 55,0879
.1936 55,0502
.1934 55,0652
1944 5,0700
.1945 £,0684
,1940 5,0604
,1072 46,9957
.1994 64,9423
2050 4,8080
42140 4,6050
.2143 4,598}
.2237 64,4040
.2331 4,228¢4
.2510 3,9260
2610 3.7760
2671 3,6698
2796 3.5253
.2679 33,4237
,2951 3,3398
+30R7 3,1923
3251 3,0318
<3447 2.8596
,3634 2,7123
.3887 2.5354
4135 2.,3837
, 8359 2.,2611
,4673 2.1064
L4867 2.0249
5069 1,9442
5246 1,8788
5565 1.7710
.5829 1.6909
,6085 1.,6196
.6349 1,5524
6864 1.,%4359
. 7380 1.3354
. 7895 1.2484
8327 1.1859
.8699 1.1283
.8948 1.1004
.9205% 1.0811
.941AR 1.0593
.9590 - 1.0611
9769 1.0220
.9879 1.0106
1.0000 1,0030
1.0077 +9953
1,0102 «996A

UL/ULFS

040000
.0"’(}7
.011'33
0056C3
1023
01245
21405
«2150
2529
e 3617
03673
24360
4872
«85457
5762
05941
6150
06315
6469
06732
e 7031
e 7293
« 71836
+B088
8259
+8528
+ 8663
«8782
o382
G014
9101
«9200
«9294
¢9440
«5578
09693
09772 .
«9A3S
« 9878
09913
« 9944
¢ 9555
¢5959
«59r8

1,0000

140005
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FiG. B~13 (U) DIMENSIONLESS TEMPERAJURE-VELOCITY DISTRIBUTION:
PO = 72,6 PSIA; TO = 592 "R; STATION = 60 INCHES (U)
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s0035
« 6065
«0096
.0156
« 0197
« 0278
« 0359
0460
0561
0672
. 0844
« 1188
+1552

. 2098

+2543
+3028
3847

24524
4524
5677

26729
+8296

+ 9985
1.1060
1.2166
1.328)
1,4909
1.61566
1.7191
1,8166
1.929)
20,1004
242346
2,3839
2.5444
2,6594
2,8239
2,952¢0
3.,0919
3,2015
3.3291
3,4658
3.6146
3.7653
3,9221
440246

NOLTR 73-98
STATION 40 _
MFS 4,762 :RE/L
POFS 14,89 RETHETA
TOLFS 586 DELTA
UFS 2402 DELSTAR
RHOFS 00091  THETA
TSFS 105.9 THETAE
PW 0.034 THETAH
W 519 H
ML PSL/PwW TOL/TOLFS
050000 140000 3857
«0093 1.0000 8878
«0175 1.0500 .8876
¢ 0473 1.0000 8912
00739 1.0000 .8929
1546 1.0000 C 9000
«2309 1.0000 9042
w4136 1.0000 +9098
«6019 1.0000 $ 9174
« 7857 1.0000 » 9278
« 9596 140000 <9376
1.1189 140000 9435
1,2932 1.0000 29488
1,5211 1.0000 .9532
1,6669 140000 «9534
1.8318 1.0000 «9849
1.9413 1.0000 9527
2.0546 140000 . 9512
2,2338 1.0000 +9535
2,3709 10005 «9556
243784 140005 . 9553
2,6049 140015 « 9599
2,8115 10025 09653
3.1170 100039 29729
3.4301 140055 9800
3,6129 140065 +983)
3.7905 140075 29664
3,9518 1.5085 . 9886
401477 1e0150 .9%18
442674 10114 + 9931
443597 1.0137 . 9958
44410 1:0159 9966
4,5127 1.0184 + 9981
445017 1,0223 09987
4,6582 1,0253 ,9993
4,7088 1.0286 , 6997
4,7478 1.0331 1,0005
4,7623 1.0363 1,0000
4,7869 1.0409 1,0009
4,7996 10445 1,001}
4,7989 140693 1,0012
4,7918 1.0544 1,0013
4,7867 160607 1,0020
4,7764 1.0739 1,0020
447669 10865 1,0025
44,7555 141013 1,0020
447525 141054 1,0026
447499 141089 1.,0024
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{ FIG. B-18 (U) DIMENSIONLESS TEMPERATURE-VELOCITY DISTRIBUTION:
‘ PO = 14,9 PSIA; TO = 586 °R; STATION = 60 INCHES (U)
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